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Abstract 1 
Organically bound sulfur makes up about 90% of the total sulfur in soils, with 2 
sulfonates often the dominant fraction. Desulfurization of these sulfonates by 3 
rhizobacteria involves the oxidoreductase AsfA. Here, we report that actinobacteria 4 
affiliated to the genus Rhodococcus were able to desulfonate arylsulfonates in wheat 5 
rhizosphere, and analyse the impact of different sulfur fertilization regimes on the 6 
actinobacterial community in wheat rhizosphere. Isolates and DNA samples were 7 
obtained from the Broadbalk long-term field wheat experiment, Rothamsted UK, 8 
which includes plots treated with inorganic fertilizer with and without sulfate, with 9 
farmyard manure, and unfertilized plots. Direct isolation of desulfonating 10 
rhizobacteria yielded Rhodococcus strains which grew well with a range of sulfonates 11 
and contained the asfAB genes. Expression of asfA in vitro increased >100-fold during 12 
growth of the Rhodococcus isolates or Rhodococcus sp. RHA1 in the presence of 13 
toluenesulfonate as sole sulfur source, compared to growth with sulfate. By contrast, 14 
the closely related Rhodococcus erythropolis and Rhodococcus opacus type strains 15 
had no desulfonating activity and did not contain asfA homologues. The 16 
actinobacterial community structure in wheat rhizospheres was influenced by the 17 
sulfur fertilization regime, as shown by denaturing electrophoresis of specific 16S 18 
rRNA gene fragments. Clone library analysis at the asfAB functional gene level 19 
identified nine different asfAB genotypes closely affiliated to the Rhodococcus 20 
isolates. However, asfAB-based multiplex RFLP/T-RFLP analysis of wheat 21 
rhizosphere communities based on these genotypes revealed no significant differences 22 
between the fertilization regimes, suggesting that the desulfonating Rhodococcus 23 
community does not specifically respond to changes in sulfate supply. 24 
25 
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1. Introduction 1 
Forty years ago, atmospheric SO2 pollution in Britain was so high that annual rates of 2 
sulfur deposition were approximately 70kg/ha, and up to 80% of the sulfur taken up 3 
by plants originated from atmospheric sources (Zhao et al., 2003). Pedospheric sulfur 4 
levels were therefore very rarely limiting for plant growth at that time, but by 1995 5 
this had changed, and reductions in air pollution meant that a third of British 6 
agricultural land was at medium to high risk of sulfur deficiency (McGrath & Zhao, 7 
1995). These risk levels were predicted to reach >50% by today, and indeed, sulfur 8 
deficiency has continued to be problematic in many crop-growing regions (Scherer, 9 
2001). Plants rely on inorganic sulfate as their main sulfur source, mainly 10 
incorporating the assimilated sulfur into cysteine and methionine, but also using it in 11 
enzymatic electron transfer processes and in protection against oxidative and heavy 12 
metal stress (Meyer & Hell, 2005; Sharma & Dietz, 2006). However, sulfur in soils is 13 
mostly not free inorganic sulfate, but is organosulfur, bound to soil organic matter. 14 
The sulfur that is found in the plant material that makes up the litter layer is mainly 15 
(60-90%) in carbon-bound form (Zhao et al., 1996). Chemical and spectroscopic 16 
investigations of soil sulfur in a range of soils have revealed that up to half of the 17 
sulfur pool corresponds to sulfonate-sulfur (Autry & Fitzgerald, 1990; Zhao et al., 18 
2006). While early studies suggested that the sulfate ester pool was the main source of 19 
sulfur plant growth, mineralization rates for soil sulfur correlate better with the 20 
content of sulfonate-sulfur than with sulfate-ester sulfur, suggesting that sulfonates are 21 
important for plant sulfur nutrition (Ghani et al., 1992; Zhao et al., 2006).  22 
Soil sulfur cycling is largely influenced by the microbial mineralization of 23 
organosulfur compounds (Kertesz & Mirleau, 2004; Kertesz et al., 2007). Previous 24 
studies of soil organosulfur metabolism have focused on the microbial sulfatase 25 
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activities which are responsible for sulfate-ester desulfurization (Freeman & Nevison, 1 
1999; Klose et al., 1999; Knauff et al., 2003; Taylor et al., 2002; Vong et al., 2003), 2 
and very little is known about the microbial sulfonatase activity, partly because no 3 
straightforward sulfonatase assay is available. Microbial desulfurization of aliphatic 4 
and aromatic sulfonates has been best studied in Pseudomonas putida S-313, which 5 
can desulfurize a broad range of sulfonates (Vermeij et al., 1999; Zürrer et al., 1987). 6 
The aliphatic desulfurization reaction is catalysed by an enzyme complex consisting 7 
of the SsuD monooxygenase and SsuE FMN reductase, while cleavage of sulfur from 8 
aromatic structures also requires the reductase/ferredoxin couple AsfA and AsfB 9 
(Vermeij et al., 1999). The AsfAB gene products have recently also been implicated 10 
in desulfurization of aromatic sulfonates in a range of beta-proteobacteria, including 11 
Cupriavidus metallidurans, Variovorax paradoxus and rhizosphere isolates of 12 
Variovorax, Acidovorax and Polaromonas (Schmalenberger & Kertesz, 2007; 13 
Schmalenberger et al., 2008). Molecular analysis of barley and wheat rhizospheres 14 
revealed considerable diversity of asfA orthologues, most of which were closely 15 
affiliated to asfA sequences of beta-proteobacteria (Schmalenberger & Kertesz, 2007; 16 
Schmalenberger et al., 2008). In a study of wheat rhizospheres on the Broadbalk long 17 
term experiment, it was found that the population of specific members of the 18 
Comamonadaceae, in particular, appeared to respond to changes in sulfur fertilization 19 
regime (Schmalenberger et al., 2008). Together, these results suggest that particular 20 
groups of rhizobacteria may carry out organosulfur mineralization processes, in 21 
response to differing levels of sulfate availability.  22 
However, organisms outside the proteobacteria have also been shown to 23 
desulfurize organosulfur compounds in the past. Rhodococcus species are versatile in 24 
this respect, and have been studied in detail for their ability to desulfurize coal- and 25 
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oil-derived material, in particular dibenzothiophene and dibenzothiophene derivatives 1 
(reviewed by (Kilbane, 2006)). A Rhodococcus species was also able to degrade 2 
linear alkyldiphenyletherdisulfonate surfactants (Schleheck et al., 2003). Rhodococci 3 
are recognized to be metabolically very versatile, and active in a number of areas of 4 
biodegradation (Larkin et al., 2005; van der Geize & Dijkhuizen, 2004) , but the 5 
importance of rhodococci for sulfur cycling in soils and rhizosphere has not yet been 6 
evaluated.  7 
In this study we report several Rhodococcus isolates from wheat rhizospheres 8 
that can desulfurize arylsulfonates. Changes in sulfur fertilization were found to have 9 
significant effects on the actinobacterial diversity in wheat rhizospheres of the 10 
Broadbalk long term experiment (Rothamsted Research, Harpenden, UK), but the 11 
diversity of the Rhodococcus desulfonation genes asfAB did not respond significantly 12 
to sulfur fertilization, contrasting with the effect previously reported for the 13 
Comamonadaceae. 14 
 15 
2. Materials and methods 16 
2.1 Microorganisms, sampling, isolation and culture conditions. 17 
Bacterial strains and oligonucleotides used in this study are listed in Table 1. 18 
Rhodococcus strains were cultivated aerobically at 25ºC in MM minimal medium 19 
(Beil et al., 1995) with succinate, glucose and glycerol as carbon sources (10 mM 20 
each) and on agarose plates (14 g/l, Eurobio, France). Isolates from this study were 21 
cultivated with 24 different sulfur sources (250 M). Wheat rhizosphere samples 22 
(Hereward cultivar) were collected from the Broadbalk long term experiment at 23 
Rothamsted, United Kingdom, (51º49’N 0º21’W). The Broadbalk experimental field 24 
is a grid divided into 20 longitudinal strips that are subjected to different fertilization 25 
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regimes, and 10 transverse sections (Rothamsted_Research, 2006). Two sections of 1 
the field (sections 1 and 9) are cropped with continuous wheat, and these were used to 2 
provide field replication of the treatments. Wheat rhizosphere samples were collected 3 
in late July 2005 from the sections 1 and 9 of strips had been fertilized with farmyard 4 
manure (plot 2.2, FYM, receiving c 250 kg/ha N per year), inorganic fertilizer, (plot 9, 5 
NPKS, receiving 192 kg/ha N per year), sulfur-free inorganic fertilizer (plot 14, NPK, 6 
receiving 192 kg/ha N per year), and an unfertilized strip (plot 3, NIL). Four samples 7 
were collected for each treatment, two in section 9 (replicates 1 and 2, approx 10 m 8 
apart), and two in section 1 (replicates 3 and 4). Wheat plants were removed as 9 
previously described (Schmalenberger et al., 2008), and taken to the laboratory for 10 
further analysis.  11 
For rhizosphere analysis, the loosely attached soil was shaken off each sample 12 
(3-6 plants), and root-associated bacteria were then extracted into sterile phosphate 13 
buffered saline (PBS: 20 ml per 3 g of root (FW)) by shaking on a Genie roto-shaker 14 
(Scientific Industries, NY) for 30 min at 4˚C. Soil bacteria able to desulfurize 15 
toluenesulfonate (TS) were identified by cultivating in most probable number (MPN) 16 
microtiter plates as described previously (Schmalenberger et al., 2008). Individual 17 
TS-utilizing strains were identified for further study from the highest dilutions 18 
showing growth in MM-MPN microtiter plates. Strains were replated on MM agarose 19 
plates with TS as the sole sulfur source and single colonies were picked for 20 
subsequent analysis. Utilization of different sulfur sources by single bacterial isolates 21 
was tested during growth in microtitre plates with a range of 23 different sulfur 22 
sources including sulfonates and sulfate-esters, as described previously 23 
(Schmalenberger et al., 2008) and dibenzothiophene.  24 
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2.2 DNA extraction and PCR conditions  1 
The rhizobacterial suspensions described above were subjected to direct DNA 2 
extraction using the FastDNA extraction kit for soil (QBiogene, Irvine, CA), as 3 
described previously (Schmalenberger & Kertesz, 2007). Genomic DNA from 4 
individual isolates was extracted for PCR analysis with a quick lysis protocol 5 
(Schmalenberger et al., 2001). 6 
PCR was carried out in a T1 thermocycler (Biometra, Goettingen, Germany) 7 
in a final volume of 50 µl. Amplification of asfAB (1.5kb asfA and 0.14kb asfB) from 8 
pure cultures was carried out with Expand polymerase/buffer (Roche, Basel, 9 
Switzerland), 1.5 mM MgCl2, 5% v/v DMSO, 0.5 µM primers (asfA_RHA1 with 10 
asfBtoA), and 200 M dNTPs, as described previously (Schmalenberger & Kertesz, 11 
2007) but with 45 cycles. For RFLP/T-RFLP analysis, asfAB was amplified from 12 
environmental samples with HotMaster Taq polymerase, using the buffer and 13 
Enhancer provided by the manufacturer (Eppendorf, Germany), 5% v/v DMSO and a 14 
touch down protocol as described previously (Schmalenberger & Kertesz, 2007) with 15 
primers asfA_F_rho1 and asfBtoA.  16 
Analysis of the actinobacterial community was carried out by 16S-PCR-17 
DGGE, using a nested-PCR approach. The initial PCR step used primers F243Actino 18 
and 518R. The purified amplification product then served as template for a second 19 
PCR which used the universal bacterial DGGE primers GC-341F and 518R, 20 
HotMaster Taq polymerase (Eppendorf) and a touch down PCR protocol (Cunliffe & 21 
Kertesz, 2006). 22 
 23 
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2.3 Denaturing gradient gel electrophoresis (DGGE) 1 
DGGE was carried out on 20 x 16 cm gels in a D-code electrophoresis chamber 2 
(Biorad, Hercules, CA) as described previously (Cunliffe & Kertesz, 2006). A 3 
denaturant gradient of 40 to 70% was applied and electrophoresis carried out for 17 h 4 
at 64V and 60°C. Rhizosphere community profiles were prepared with 500 ng of 5 
DNA, while samples with a defined mixture of species contained 50 ng of DNA for 6 
each species. Signals were visualized through staining for 30 min with SybrGold 7 
(Invitrogen, Carlsbad, CA). Statistical analysis of the community fingerprints was 8 
carried out by UPGMA cluster analysis (Phoretix). 9 
For sequencing of selected DGGE bands, the bands were excised from the gel, 10 
incubated in dH2O for 24 h at 4°C, and then homogenized in 0.5 ml of dH2O. After 11 
100-fold dilution, these templates were reamplified using identical primers but 12 
without the GC-clamp. Single signals were sequenced directly as described previously 13 
(Cunliffe & Kertesz, 2006) but when reamplification yielded multiple products the 14 
original PCR products were cloned. The position of signals from individual sequenced 15 
clones was then compared with the community profiles by a second DGGE. 16 
2.4 Cloning of asfAB PCR products and genotyping 17 
Primers asfA_F_rho1 and asfBtoA (Table 1) were used to amplify fragments of asfAB 18 
from wheat rhizosphere extracts obtained from each of the four treatments studied. 19 
PCR products were purified with the Qiagen PCR purification kit, ligated into the 20 
pGEM-T easy vector (Promega) and transformed into E. coli DH5. Recombinant 21 
plasmids containing an insert of the correct size were then reamplified with the same 22 
primers for RFLP analysis. RFLP was carried out with 80 clones in total (NIL:20, 23 
NPK:20, NPKS:20, FYM:20), as described previously (Schmalenberger et al., 2008). 24 
Clones with a similar restriction pattern were classified as a single genotype.  25 
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2.5 Restriction fragment length polymorphism (RFLP) and terminal restriction 1 
fragment length polymorphism (T-RFLP) analysis  2 
Primer asfBtoA was modified with the fluorescent label HEX and used to amplify 3 
fragments of Rhodococcus like asfAB from wheat rhizosphere extracts as described 4 
above. The amplification products were purified (Qiagen PCR purification kit, 5 
Germany) and 200 ng DNA was digested with 10 U of AluI and RsaI (Fermentas) at 6 
37°C for 12 h. Samples were run on a 20 x 20 cm acrylamide electrophoresis gel, and 7 
RFLP and TR-F signals were identified using a Typhoon scanner (multiplex RFLP/T-8 
RFLP) as described previously (Schmalenberger et al., 2007). Statistical analysis of 9 
the binary data set was carried out by UPGMA cluster analysis, principal component 10 
analysis (PCA) and detrended correspondence analysis (DCA) using the software 11 
packages Phoretix, Canoco and Decorana. 12 
2.6 Gene expression analysis 13 
Expression of asfA in Rhodococcus strains P14D10, P15D9 and RHA1 was measured 14 
by quantitative RT-PCR, using the primers asfA_rho_QF and asfA_rho_QR (Table 15 
1). Standards (101 to 108 molecules per reaction) were generated from specific PCR 16 
products, and cDNA was generated by reverse transcription of 100ng of total RNA 17 
using RevertAid reverse transcriptase (Fermentas, Burlington, Canada), following the 18 
manufacturer’s instructions. Quantitative PCR was then performed in a Roche 19 
Lightcycler 2 (Roche), using 20 µl glass capillaries (Roche), containing 5 µl 20 
DyNAmo capillary SYBR Green qPCR master mix (Finnzymes, Espoo, Finland), 0.3 21 
pmol of each primer and 1 µl of cDNA (equal to 5ng total RNA) in a total volume of 22 
10 l. PCR conditions were 95°C for 10min (hot start), followed by 40 cycles of 15s 23 
95°C, 15s at 55°C and 20s at 72°C. A melting curve was carried out from 55 to 95°C 24 
at 0.1°C/s. 25 
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2.7 DNA sequence analysis 1 
Different genotypes of asfAB were sequenced in order to obtain the sequence 2 
information of asfA orthologues. Sequence fragments were truncated to obtain just the 3 
asfA fragment and were imported into an asfA database generated previously 4 
(Schmalenberger & Kertesz, 2007; Schmalenberger et al., 2008), using the ARB 5 
software package (www.arb-home.de). Trees for the encoded peptide sequences 6 
(AsfA) were calculated with the Maximum Likelihood (Dayhoff model) method. 7 
16S rRNA gene sequences from isolates obtained in this study were imported 8 
into the 2004 SSU database of ARB, together with closely affiliated sequences from 9 
Genbank identified using BLAST (Altschul et al., 1990) and FASTA3 (Pearson & 10 
Lipman, 1988). The sequences were aligned, and the sequences with the highest 11 
similarity were identified. Affiliation of sequences from DGGE bands were identified 12 
using BLAST and FASTA3. 13 
2.8 Analytical methods 14 
Reversed-phase high performance liquid chromatography (HPLC) was carried out on 15 
a Dionex system using a C18-Hypersil column (4mm x 25 cm). A methanol gradient 16 
in 10 mM potassium phosphate buffer was applied, and eluted compounds were 17 
detected at 200 and 220 nm, as described previously (Vermeij et al., 1999).  18 
2.9 Nucleotide sequence accession numbers 19 
Isolates were identified by amplification and sequencing of the 16S rRNA genes with 20 
primers 27f and 1492r. Nucleotide accession numbers are AM942743 and 21 
AM942744. 22 
Fragments of asfA from isolates and R. erythropolis IGTS8 have accession numbers 23 
AM94180 to AM94182 and from molecular isolates have the accession numbers 24 
AM94183 to AM94291. 25 
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 1 
3. Results 2 
3.1 Identification of desulfonating Rhodococcus strains in wheat rhizospheres. 3 
The dominant bacteria capable of desulfurizing arylsulfonates in wheat and barley 4 
rhizospheres have been shown to belong to the Comamonadaceae family, related to 5 
Variovorax and Polaromonas  (Schmalenberger & Kertesz, 2007; Schmalenberger et 6 
al., 2008). The isolates studied all contained related asfAB genes (Schmalenberger et 7 
al., 2008) and released p-cresol as desulfonation product during in vitro growth with 8 
toluenesulfonate (TS) as sulfur source, which served as a model for soil sulfonates 9 
(Schmalenberger et al., 2008). In order to test whether other rhizosphere bacteria 10 
catalyse desulfonation independently of AsfA, we isolated further TS-desulfonating 11 
strains from wheat rhizospheres obtained from the Broadbalk long-term experiment. 12 
Two desulfonating strains isolated from the FYM plot appeared morphologically 13 
distinct from the comamonads studied previously and were studied further. No cresol 14 
was found in the culture supernatants of these strains after growth of these strains with 15 
TS in vitro (HPLC-analysis), and PCR analysis with the asfA-specific primers  16 
developed earlier (asfAF2 and asfBtoA (Schmalenberger & Kertesz, 2007)) suggested 17 
that they did not contain an asfA gene, or that this was divergent from known asfA 18 
genes. The 16S rRNA gene sequences of these strains showed that both belonged to 19 
the genus Rhodococcus, with 99.9% (P15D9) and 100% (P14D10) identity to 20 
Rhodococcus erythropolis. The strains were not able to grow with 5 mM cresol as a 21 
sole carbon source, though they did co-metabolize smaller amounts of cresol during 22 
growth with other carbon sources, both in the presence and absence of TS as sulfur 23 
source. Comparison with culture collection strains of Rhodococcus revealed that the 24 
ability to desulfurize TS is also present in other members of this genus – although R. 25 
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erythropolis NCIMB11148 and Rhodococcus opacus DSM8531 showed no growth 1 
with TS as sole sulfur source, Rhodococcus sp. RHA1 and R. erythropolis IGTS8 2 
showed significant growth in minimal medium with TS as sole sulfur source.  3 
The ability to grow with a range of different sulfur sources was tested in 4 
microtitre plates for Rhodococcus isolates P14D10 and P15D9. Isolate P14D10 grew 5 
well on 21 of 24 sulfur sources tested, including aryl- and alkylsulfonates, sulfate-6 
esters and amino acids, though it displayed no growth with sodium dodecylsulfate,  7 
potassium thiocyanate or dibenzothiophene. Isolate P15D9 grew well on 23 tested 8 
sulfur sources but more weakly with sodium dodecylsulfate or potassium thiocyanate 9 
and was unable to desulfurize dibenzothiophene. (Table 2). 10 
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3.2 asfAB sequences from Rhodococcus isolates 12 
Analysis of the genome sequence of Rhodococcus sp. RHA1 (McLeod et al., 2006) 13 
revealed the presence of genes encoding two AsfA orthologues (RHA1_ro01640 and 14 
RHA1_ro01604), which displayed 62% and 55% identity respectively to the V. 15 
paradoxus AsfA protein. Both these genes were associated with a putative asfB 16 
orthologue. The Rhodococcus sp. RHA1 genome also contains an extensive ssu gene 17 
cluster (RHA1_ro07045–RHA1_ro07053), which encodes putative homologues of 18 
two SsuD sulfonatases, a desulfinase and a transport system, as well as a divergent 19 
IclR-family transcriptional regulator. Further attempts were therefore made to amplify 20 
asfA from strains P14D10 and P15D9 using modified PCR protocols with up to 45 21 
cycles, and a primer derived from the Rhodococcus RHA1 asfA sequence 22 
(RHA1_ro01640). Partial gene sequences were obtained from both isolates – the 23 
encoded protein showed 77.9% and 77.3% identity to the AsfA sequence from strain 24 
RHA1, confirming that these genes are conserved. Using these sequences a consensus 25 
 14  
primer was designed for fingerprint analysis of environmental Rhodococcus asfA 1 
(asfA_F_rho_1). We also designed more general primers that amplifed a broader 2 
range of actinobacterial asfA genes (e.g. Nocardia farcinica), but unfortunately they 3 
also amplified asfA from the unrelated Cupriavidus metallidurans and were therefore 4 
not used in this study. 5 
 6 
3.3 Regulation of asfA expression in Rhodococcus.  7 
To test the dependence of Rhodococcus asfA expression on sulfur supply, 8 
Rhodococcus spp. P14D10, P15D9 and RHA1, were cultivated in minimal medium 9 
with sulfate (0.25 mM), toluenesulfonate (0.25 mM) or both sulfur sources (0.25 mM 10 
each). Expression of the asfA homologues during the exponential growth phase was 11 
evaluated by two step quantitative RT-PCR. In all three organisms the expression of 12 
asfA was more than 100-fold higher in the presence of toluenesulfonate as sole sulfur 13 
source than during growth in the presence of sulfate alone (Table 3). In strain P14D10 14 
the presence of sulfate effectively repressed asfA expression during growth with the 15 
two sulfur sources together, but in strains P15D9 and RHA1 expression levels were 16 
significantly higher in the presence of sulfate and toluenesulfonate than with sulfate 17 
alone (Table 3). This difference in asfA expression pattern reflects the patterns seen in 18 
P. putida and V. paradoxus, respectively (Schmalenberger & Kertesz, 2007), 19 
suggesting different modes of regulation in the two isolates. 20 
 21 
3.4 Actinobacterial rhizosphere community structures change with the type of 22 
fertilization applied.  23 
Differences in the rhizobacterial communities on field plots subjected to different 24 
fertilization regimes were characterised in a cultivation-independent manner using 25 
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denaturing gradient gel electrophoresis (DGGE). Profiling of partial actinobacterial 1 
16S rRNA genes using specific primers (Heuer et al., 1997) yielded complex 2 
community fingerprints with approximately 50 distinguishable signals (Fig. 1a). 3 
Visual comparison of the profiles revealed a clear separation between the unfertilized 4 
control, the farmyard manure application and the plots subjected to inorganic fertilizer 5 
treatment. This was confirmed by cluster analysis with Phoretix UPGMA software, 6 
which identified a separation of all four treatments including the NPK and NPKS 7 
treatments, except that samples NPKS1 clustered with NPK3 and NPK4 profiles (Fig. 8 
1b). A pairwise structuring of the results was evident, with replicate profiles from 9 
section 9 (replicates 1, 2) being highly similar, as were replicates from section 1 10 
(replicates 3, 4). These sections are approximately 300 m apart on the Broadbalk field, 11 
and the field heterogeneity effects observed were also seen previously at the beta-12 
proteobacterial level (Schmalenberger et al., 2008). 13 
Bands characteristic for all profiles or for a specific treatment were sequenced 14 
either directly or after cloning. Direct sequencing identified prominent genera in the 15 
community, including Kitasatospora, Arthrobacter, Streptomyces, 16 
Promicromonospora, Cellulomonas and an Aeromicrobium-related band (Fig. 1a). 17 
The cloning strategy led to identification of signals affiliated to Rhodococcus in NPK 18 
and NPKS profiles, Aeromicrobium in NPK1 and 2, Actinobispora in NIL and 19 
Saccharomonospora in FYM (Fig. 1a). Furthermore, a band related to Nocardia was 20 
present in all profiles, at different abundances (Fig. 1a). The results confirm that the 21 
class-specific primers were selecting for actinobacteria effectively, and expand the 22 
range of actinobacterial species known to colonize wheat roots. 23 
 24 
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3.5 Rhodococcus asfAB gene diversity in wheat rhizospheres from different 1 
fertilization regimes. 2 
The response of asfAB gene diversity to changes in sulfur fertilization was examined 3 
to determine whether changes in sulfur supply to the plants selected for specific 4 
Rhodococcus genotypes, as seen before for the Comamonadaceae (Schmalenberger et 5 
al., 2008). Gene libraries of asfAB (containing 0.7kb of asfA and 0.14kb of asfB) were 6 
constructed from samples from each fertilization regime, using primers asfA_F_rho1 7 
and asfBtoA. A total of 80 individual clones were screened by RFLP analysis and 8 
nine distinct asfAB genotypes were discovered (coverage: 56%), yielding eight 9 
genotypes with unique asfA sequences. After translation, the obtained sequences were 10 
combined with the AsfA sequences of strains P14D10, P15D9, IGTS8 and RHA1, 11 
Nocardia farcinica and several proteobacteria such as Variovorax paradoxus (Fig. 2) 12 
and a maximum likelihood tree was generated. The sequences obtained in this study 13 
fell into a single clade with an identity of 96 to 99% which also included R. 14 
erythropolis IGTS8, while AsfA of Rhodococcus sp. RHA1 and N. farcinica clustered 15 
only remotely alongide this clade. The identity of the AsfA sequences from strain 16 
IGTS8 and the Rhodococcus isolates and clones to those of Rhodococcus sp. RHA1 17 
and N. farcinica was 74% and 70% respectively. 18 
Community asfAB profiles were obtained for all four samples from each 19 
fertilization regime, using a multiplex RFLP/T-RFLP approach. T-RFs were detected 20 
using a HEX labelled reverse primer and RFLP fragments were visualised after 21 
SybrGold staining. In total, 10 distinct T-RF signals were identified with three of 22 
them dominating the profiles. Cluster analysis using UPGMA, PCA and DCA did not 23 
reveal any treatment-specific clustering of the signals in either the RFLP profiles or T-24 
RFLP profiles (not shown). However, an integrated DCA analysis of RFLP and T-RF 25 
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signals identified a moderate separation of NPK1-2 and NPK 3-4 treatments (Fig. 3) 1 
but no separation of the NIL treatment. In the Broadbalk experiment the fertilization 2 
regime therefore appears have no strong selection effect for Rhodococcus strains with 3 
specific asfA genotypes, in contrast to the situation observed for Comamonadaceae 4 
(Schmalenberger et al., 2008). 5 
 6 
4. Discussion 7 
Carbon-bound sulfonate-sulfur makes up a considerable proportion of the sulfur 8 
present in agricultural soils, and its mobilization for plant assimilation is largely 9 
dependent on microbial reactions in the soil and rhizosphere. Recently, it was reported 10 
that members of the Comamonadaceae play an important role in this process, and that 11 
comamonad asfA gene diversity responds to changes in sulfur fertilization 12 
(Schmalenberger et al., 2008). Here, we describe the first desulfonating rhizosphere 13 
isolates of Rhodococcus, and report that although the overall actinobacterial 14 
community in wheat rhizospheres changed with four different sulfur fertilization 15 
regimes, the Rhodococcus asfAB diversity showed no significant variation, suggesting 16 
that Rhodococcus species play a less significant role in sulfonate mineralization in the 17 
Broadbalk wheat rhizospheres than members of the Comamonadaceae. 18 
The link between Rhodococcus and desulfurization is a well-studied one, but 19 
has concentrated on the removal of dibenzothiophene derivatives from fuels, with a 20 
view to developing biodesulfurization processes (Gupta et al., 2005). Growth of 21 
Rhodococcus isolates with dibenzothiophene as sulfur source involves its oxidation to 22 
the sulfone derivative, cleavage to yield a sulfinate, and then removal of the sulfinate 23 
group by the DszB desulfinase (Oldfield et al., 1997). The mechanism is widespread 24 
in actinobacteria (Gilbert et al., 1998; Hirasawa et al., 2001; Maghsoudi et al., 2000; 25 
 18  
Maghsoudi et al., 2001), but has been best studied in R. erythropolis IGTS8. Early 1 
work suggested that a sulfonated intermediate rather than a sulfinate was involved in 2 
the desulfurization (Denome et al., 1993; Gallagher et al., 1993), but sulfonate 3 
cleavage by Rhodococcus species has only been observed in an isolate that 4 
desulfurized a mixture of disulfodiphenylether carboxylates (Schleheck et al., 2003). 5 
Here, we have identified several Rhodococcus strains that cleave sulfonates to provide 6 
sulfur for growth, including Rhodoccus sp. RHA1, for which the genome sequence 7 
(McLeod et al., 2006) contains the conserved asfA and ssuD genes, which are 8 
involved in the desulfonation process in other genera (Kertesz & Wietek, 2001). AsfA 9 
expression in the strains studied was regulated by sulfur supply (Table 3), and a 10 
similar desulfonation mechanism may be active in Rhodococcus as is found in 11 
Pseudomonas  or Variovorax  species (Schmalenberger & Kertesz, 2007), despite 12 
their phylogenetic divergence. In particular, it seems likely that desulfonation in the 13 
Rhodococcus species studied is indeed mediated by AsfA and probably leads to the 14 
production of the corresponding phenol as desulfurization product – this was not 15 
apparent here because unlike Pseudomonas or Variovorax the cells were able to 16 
metabolize the cresol product from TS during growth. The presence of desulfonating 17 
rhodococci in wheat rhizospheres suggests that the ability to desulfurize aromatic 18 
sulfonates and compounds such as dibenzothiophene may be widespread, and not only 19 
found in hydrocarbon-contaminated soils. 20 
The rhizosphere constitutes a highly favourable environmental niche for 21 
bacterial growth, with up to a hundred times more activity than in bulk soil (Curl & 22 
Truelove, 1986) but it also contains lower concentrations of nutrients like nitrate, 23 
phosphate and sulfate since plants and microorganisms compete for these elements 24 
(Hinsinger et al., 2005). This competition can be enhanced for experimental purposes 25 
 19  
by manipulating the fertilizer regime, and we have used the Broadbalk long-term 1 
wheat experiment to evaluate sulfate-depletion effects, since it has included a sulfur 2 
free fertilization treatment (NPK) since 2001. The effectiveness of this treatment was 3 
confirmed by measurements of sulfate and total sulfur in wheat rhizospheres from 4 
Broadbalk in 2005, after four years of treatment. At that time, total sulfur 5 
concentrations in the sulfate-depleted plot (NPK) and the control plot (NIL) were 6 
comparable, and levels of inorganic sulfate in the NPK plot were reduced by 50% 7 
compared to the sulfate fertilized plots (NPKS) (Schmalenberger et al., 2008), 8 
although grain yields in NPK and NPKS plots were not significantly different 9 
(Rothamsted_Research, 2008). Wheat rhizospheres have been shown to harbour a 10 
diverse range of microorganisms. A cultivation-dependent analysis identified 28 11 
different genera, with the cultivable rhizosphere bacterial community in a modern 12 
cultivar dominated by Pseudomonas and Arthrobacter species (Germida & Siciliano, 13 
2001). The community structure is expected to vary with cultivar and soil type, 14 
though a number of microorganisms have been consistently isolated from wheat 15 
rhizospheres in soils from around the world (Drinkwater & Snapp, 2007). For the 16 
Broadbalk rhizospheres the dominant members of the actinomycete community were 17 
Arthrobacter and Streptomyces (Fig. 1a), though the actinobacterial community 18 
structures varied in response to the fertilization regime (Fig. 1a). Other studies have 19 
also shown that rhizobacterial community structure reacts to changes in land use, with 20 
significant effects seen for such factors as fertilization and plant species (Clegg et al., 21 
2003; Enwall et al., 2007; Innerebner et al., 2006; Schmalenberger & Tebbe, 2002; 22 
Seghers et al., 2005; Seghers et al., 2003; Stark et al., 2007). Actinobacteria are 23 
important players in the grassland environment, and respond to changes in grassland 24 
management regimes (Clegg et al., 2003), and they are also affected by addition of 25 
 20  
organic and mineral fertilizers to soil (Stark et al., 2007). In the Broadbalk 1 
rhizospheres the general effect of fertilization (inorganic or manure application) on 2 
the actinobacterial community was different from the response of the beta-3 
proteobacterial rhizosphere communities (Schmalenberger et al., 2008). Here, the 4 
most substantial differences occurred between the unfertilized (NIL) and the fertilized 5 
plots (NPK, NPKS, FYM). The distinct levels of sulfur in the fertilizers had a less 6 
dramatic effect on the actinobacterial community, suggesting that increased levels of 7 
nitrogen and phosphorus were the strongest drivers in the differentiation of the 8 
communities. Levels of organic matter and sulfur had a lower impact on the 9 
actinobacterial community. 10 
It is important to note that the study reported here was carried out in a long-11 
term monoculture experiment, and that the communities observed in other agricultural 12 
regimes may differ. Long-term cultivation with a single crop enriches for rhizosphere 13 
inhabitants that are specifically adapted to the rhizosphere of that crop (Landa et al., 14 
2006; Mazzola et al., 2004), and specific cultivars play an important role in 15 
determining the community that develops (Mazzola et al., 2004), with the effect 16 
increasing as the duration of monoculture increases (Gardener & Weller, 2001). 17 
Several long-term field studies showed that management regimes have a strong 18 
impact on soil quality and soil microbial populations (Böhme et al., 2005; Hartmann 19 
& Widmer, 2006; Marschner et al., 2003), and we are currently expanding our studies 20 
to examine the desulfonation community in the rhizospheres of other crops and in 21 
natural grassland. 22 
At the outset of this study we anticipated that wheat rhizospheres with 23 
differing sulfur content would select not only for beta-proteobacterial species 24 
(Schmalenberger et al., 2008) but also for actinobacteria with specific functions in 25 
 21  
sulfur mobilization. Indeed we observed an effect of sulfur fertilization on the overall 1 
actinobacterial community by 16S rRNA gene fingerprint analysis (Fig. 1). However, 2 
Rhodococcus asfA diversity did not respond significantly to differences between the 3 
fertilization regimes. Only a combined analysis of RFLP and T-RF data revealed a 4 
moderate separation of NPK from the other treatments. No specific signal in the 5 
asfAB based analysis could be linked to the levels of sulfate in the rhizosphere soils, 6 
suggesting that desulfonating rhodococci occur independently of the sulfate level in 7 
the wheat rhizosphere. This finding contrasts with the changes in diversity of 8 
desulfonating Comamonadaceae seen in the same environment (Schmalenberger et 9 
al., 2008). Microorganisms that respond to low sulfate conditions with enhanced 10 
desulfonation may potentially be used to enhance crop yields (Kertesz & Mirleau, 11 
2004), but they may also be important in other ways. For example, it has been shown 12 
that potato products processed from tubers grown with low sulfate fertilizer contain 13 
four-fold lower levels of the carcinogen acrylamide than when grown with excess 14 
sulfate (Elmore et al., 2007) and the presence of desulfonating strains might be useful 15 
to enhance the tolerance of crop plants to low sulfate conditions. The results presented 16 
here, however, suggest that at least for rhodococci the natural population could be 17 
insufficient for this purpose, and additional inoculation with suitable isolates will be 18 
required to ensure a robust response to low-sulfate conditions. Survival and activity of 19 
these strains under a range of soil conditions needs to be examined in detail in future 20 
studies. 21 
 22 
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Table 1. Bacterial strains and oligonucleotides used in this study 1 
Strain or primer Description  Source 
Bacteria   
Rhodococcus erythropolis 
IGTS8 
Dibenzothiophene-utilizing isolate (Kilbane & 
Jackowski, 1992) 
Rhodococcus erythropolis 
NCIMB 11148 
Type strain (Goodfellow, 1971) 
Rhodococcus opacus DSM 8531 Toluene-utilizing isolate (Sikkema & Debont, 
1993) 
Rhodococcus sp. RHA1 Polychlorinated biphenyl degrader (McLeod et al., 2006) 
Rhodococcus sp. P14D10 Toluenesulfonate-utilizing isolate This study 
Rhodococcus sp. P15D9 Toluenesulfonate-utilizing isolate This study 
   
Oligonucleotides   
1492r TACGGTTACCTTGTTACGACTT (Lane, 1991) 
27f AGAGTTTGATCCTGGCTCAG (Lane, 1991) 
518R ATTACCGCGGCTGCTGG (Muyzer et al., 1993) 
GC-341F 
CGCCCGCCGCGCGCGGCGGGCGGGGC
GGGGGCACGGGGGGCCTACGGGAGGC
AGCAG 
(Muyzer et al., 1993) 
asfBtoA ASCTCGCACATGAAGCAGGT 
(Schmalenberger & 
Kertesz, 2007) 
F243Actino GGATGAGCCCGCGGCCTA (Heuer et al., 1997) 
 32  
 1 
 2 
3 
asfA_F_rho1 AATGAGACTGGGGCAACCCAA This study 
asfA_rho_QF ARTTCTCCAACGCGTACG This study 
asfA_rho_QR TCGAATTGCAGGAAGAAGTTG This study 
asfA_RHA1 GACGTCGTCCTCGTAGACAA This study 
 33  
Table 2. Growth of Rhodococcus strains P14D10 and P15D9 in minimal medium 1 
with a range of sulfur sources.a 2 
Sulfur source 
Rhodococcus sp.  
P14D10 
Rhodococcus sp. 
P15D9 
Arylsulfonates:   
o-Aminobenzenesulfonate ++ ++ 
4-Nitrobenzenesulfonate ++ ++ 
Naphthalene-2-sulfonate ++ ++ 
Toluenesulfonate ++ ++ 
Benzenesulfonate ++ ++ 
   
Alkanesulfonates:    
Methanesulfonate ++ ++ 
Pentanesulfonate ++ ++ 
Dodecanesulfonate ++ ++ 
3-Morpholinopropanesulfonate ++ ++ 
Taurine ++ ++ 
Cysteate ++ ++ 
   
Sulfate esters:    
Methylsulfate ++ ++ 
Nitrocatecholsulfate ++ ++ 
Sodium dodecylsulfate - + 
4-Nitrophenolsulfate ++ ++ 
   
Amino acids:    
Glutathione ++ ++ 
Cysteine ++ ++ 
Homocysteine ++ ++ 
Methionine ++ ++ 
   
 34  
Other sulfur sources:    
Sodium sulfate ++ ++ 
Potassium thiocyanate - + 
Dimethylsulfone ++ ++ 
Dibenzothiophene - - 
Dimethylsulfoxide ++ ++ 
a) Cells were grown aerobically in minimal medium with 250 M sulfur source. 1 
Growth was monitored as optical density at stationary phase: ++, growth to an OD600 2 
above 0.8; +, significant growth below an OD600 of 0.8; -, no growth compared to the 3 
sulfur-free control. 4 
 5 
6 
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Table 3. Expression of asfA homologues in Rhodococcus strains P14D10, P15D9 and 1 
RHA1 (copies of asfA RNA per ng of total RNA) during growth in minimal 2 
medium with different sulfur sources. 3 
 Sulfur source 
(250 M)
Rhodococcus sp. 
 P14D10 
Rhodococcus sp. 
 P15D9 
Rhodococcus sp. 
 RHA1 
TS 5.35 ± 0.61 x 105 4.12 ± 0.74 x 105 3.17± 0.10 x 104 
TS+Sulfate 1.07 ± 0.06 x 103 1.25 ± 0.08 x 103 0.95 ± 0.06 x 103 
Sulfate 1.15 ± 0.04 x 103 0.9 ± 0.08 x 103 0.44 ± 0.01 x 103 
a). Expression was evaluated by quantitative RT-PCR as described in Experimental 4 
procedures. TS: toluenesulfonate. 5 
6 
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 1 
Fig. Legends 2 
Fig. 1. Characterization of the actinobacterial community amplified from the 3 
rhizosphere of winter wheat at the Broadbalk long-term experiment. (a) Denaturing 4 
gradient electrophoresis of 16S rRNA gene fragments from the following fertilization 5 
regimes. NIL – no fertilizer application; NPK – inorganic fertilizer without sulfur; 6 
NPKS – inorganic fertilizer with sulfate; FYM – farmyard manure. Replicates 1 and 2 7 
originated from section 9 and replicates 3 and 4 originated from section 1 of the 8 
Broadbalk experiment. M - Marker lane containing selected 16S rRNA genefragments 9 
with appropriate mobility. Sequence information from selected signals was obtained 10 
by cloning and sequencing or via direct sequencing (band numbers underlined). 11 
(b). Dendrogram representing UPGMA analysis of the DGGE profiles using Phoretix 12 
software.  13 
 14 
Fig. 2. Tree of partial N-terminally truncated protein sequences of the oxidoreductase 15 
AsfA and its orthologues, accomplished by using a maximum likelihood (Dayhoff 16 
model) method. Sequences retrieved from this study are the molecular isolates from 17 
the clone library of wheat rhizosphere (RhoC1-RhoC70) and the isolates from the 18 
wheat rhizosphere (bold). The AsfA sequences from reference organisms such as 19 
Variovorax paradoxus was retrieved from an earlier study (Schmalenberger & 20 
Kertesz, 2007) and from GenBank respectively. 21 
 22 
Fig. 3. Ordination plot of multiplex RFLP/T-RFLP profiles of asfAB amplified from 23 
the rhizosphere of winter wheat from the Broadbalk long-term experiment, subjected 24 
to different fertilization regimes: NIL (squares), NPK (circles), NPKS (triangles) and 25 
 37  
FYM (diamonds). RFLP and T-RFLP analysis were carried out as described in 1 
Experimental Procedures. Detrended correspondence analysis (DCA) was performed 2 
using Decorana software. Details of the individual treatments are given in the legend 3 
to Fig. 1 4 
 5 
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